Motivation: In higher eukaryotes, protein-DNA binding interactions are the central activities in gene regulation. In particular, DNA motifs such as transcription factor binding sites are the key components in gene transcription. Harnessing the recently available chromatin interaction data, computational methods are desired for identifying the coupling DNA motif pairs enriched on longrange chromatin-interacting sequence pairs (e.g. promoter-enhancer pairs) systematically. Results: To fill the void, a novel probabilistic model (namely, MotifHyades) is proposed and developed for de novo DNA motif pair discovery on paired sequences. In particular, two expectation maximization algorithms are derived for efficient model training with linear computational complexity. Under diverse scenarios, MotifHyades is demonstrated faster and more accurate than the existing ad hoc computational pipeline. In addition, MotifHyades is applied to discover thousands of DNA motif pairs with higher gold standard motif matching ratio, higher DNase accessibility and higher evolutionary conservation than the previous ones in the human K562 cell line. Lastly, it has been run on five other human cell lines (i.e. GM12878, HeLa-S3, HUVEC, IMR90, and NHEK), revealing another thousands of novel DNA motif pairs which are characterized across a broad spectrum of genomic features on long-range promoter-enhancer pairs. Availability and implementation: The matrix-algebra-optimized versions of MotifHyades and the discovered DNA motif pairs can be found in
Introduction
Protein-DNA interactions are important genetic mechanisms. Especially, the protein-DNA interactions between Transcription Factors (TFs) and Transcription Factor Binding Sites (TFBSs; also known as DNA motifs) are the core activities in gene regulation. A number of high-throughput experimental technologies were developed to determine the DNA motifs from sequence patterns to genome-wide locations (Supplementary data) . To analyze those experimental data, different computational paradigms have also been proposed to identify the sequence patterns of DNA motifs (Supplementary data). In particular, the ChIP-seq data from the ENCODE consortium has enabled a systematic discovery and characterization of DNA motif sequence patterns in human cell lines (Kheradpour and Kellis, 2014) . Combining ChIP-seq and SELEX data, Jolma et al. have also characterized the DNA-binding specificity landscape of human TFs (Jolma et al., 2013) . Databases have been developed to store the DNA motif data; for example, JASPAR is a comprehensive collection of TF DNA-binding preferences (i.e. DNA motifs). Other annotation databases are also available (namely, CIS-BP, TRANSFAC, MotifMap, UniProbe, ScerTF, FlyTF, YeTFaSCo, hPDI and TFcat (de Boer and Hughes, 2012; Daily et al., 2011; Fulton et al., 2009; Pfreundt et al., 2010; Robasky and Bulyk, 2011; Spivak and Stormo, 2012; Weirauch et al., 2014; Xie et al., 2010) ).
On the other hand, the Hi-C technology has been developed to reveal the chromatin interactions of different cell lines in the recent years (Belton et al., 2012) . It has revealed previously uncharacterized genome compartments which are called topological domains (Dixon et al., 2012) . The chromatin-interacting promoter-enhancer pairs revealed by Hi-C are also found to be associative to diseases such as colorectal cancer (Jager et al., 2015) . In particular, there are increasing evidences that chromatin interactions are also related to gene co-expression (Babaei et al., 2015; Jin et al., 2013) , protein-DNA interactions (Lan et al., 2012; Mifsud et al., 2015) , pluripotent regulatory circuitry (Schoenfelder et al., 2015) and breast cancers (Barutcu et al., 2015) . Unfortunately, its cell-type-specificity imposes another scalability challenge for us (Zhang et al., 2013) .
To tackle the challenge, various high-throughput annotation methods have been developed to annotate promoter-enhancer pairs. One paradigm is to perform peak-calling on the existing ChIA-PET datasets such as Germ (Reeder et al., 2015) . Unfortunately, ChIA-PET is limited to one protein of interest. Therefore, different machine learning techniques such as random forest (He et al., 2014) , deep learning (Singh et al., 2016) , ensemble boosting (Whalen et al., 2016) and customized probabilistic models (Ron et al., 2017; Zacher et al., 2017) , have been proposed to perform integrated annotations using as many genomic features (including Hi-C) as possible. Further details can be found in the recent survey (Mora et al., 2016) .
However, the underlying long-range chromatin interactions between different DNA motifs, which are related to various diseases (Bhatia and Kleinjan, 2014) , are still under-explored due to the lowresolution nature (5-10kbp) of the existing studies (Jin et al., 2013) . Other studies are limited to few proteins such as CTCC-binding factor (CTCF) and the cohesin complex. Briefly, CTCF is the wellknown TF which can control chromatin interactions for gene regulation (Ong and Corces, 2014; Tang et al., 2015) while the cohesion complex consists of four proteins (e.g. SMC1, SMC3, alpha-kleisin and STAG1-3 in human) which can collectively regulate the modular shapes of chromatin interactions (Zuin et al., 2014) . Therefore, it is very important to develop de novo algorithms for discovering DNA motif pairs on those chromatin interactions where the de novo nature is necessary for the vast variety of rapidly growing sequencing data in different cell types. Unfortunately, the pairing setting of the chromatin interactions imposes difficulties in applying the existing de novo cis-regulatory module discovery which input is limited to unpaired sequences (Zhou and Wong, 2004) . To this end, Wong et al. have proposed an ad hoc pipeline for discovering de novo DNA motif pairs from paired sequences (Wong et al., 2016) ; however, the core component is not designed for DNA motif pair discovery which may have missed the underrepresented motifs enriched in pairing as demonstrated in the following sections. In addition, its quadratic complexities may not scale with the growing sequencing data. Therefore, as shown in Figure 1 , MotifHyades is proposed for de novo DNA motif pair discovery on paired sequences (i.e. long-range chromatin interacting promoter-enhancer pairs) as an 'one-stop' model with linear complexity in this study.
Approach
In this section, MotifHyades is proposed and described as shown in Figure 1 . In particular, it should be highlighted that the latent (or Wong et al. (2016) . Specifically, the de novo motif discovery program (MEME (Bailey and Elkan, 1994) ) is run on the sequences of each side (promoter side and enhancer side). After that, the lift score threshold !1 (Brin et al., 1997) is calculated to combine the DNA motifs on both sides to ensure that only statistically significant DNA motif pairs can be reported (Leung et al., 2010) hidden) variables fx t ð Þ g are introduced for capturing multiple motif pairing information which could not be modeled by the existing pipeline in the literature (Wong et al., 2016) .
Given a set of T paired sequences (e.g. 
For the case when there is not any motif pair found (i.e. i ¼ 0), the following background sequence formula is adopted below:
If ith motif pair is found on the tth sequence pair, for illustrative purposes, the de novo motif model scanning formula (Wong, 2015) can be adopted here: At this point, different motif modeling strategies can be adopted here. However, a recent study indicates that the position frequency matrix modeling is simple but robust enough for DNA motif modeling (Weirauch et al., 2013) . Therefore, the following formula is defined for P PSeq
where, in this study, we have adopted the simplest sequence background model in which BG(c) denotes the cth nucleotide frequency of the background sequences (i.e. Markov model of zeroth order) to ensure that the background model complexity can be comparable to the position frequency matrix modeling for effective pattern recognition. On the other hand, M 
Materials and methods

MotifHyades(EM)
By taking partial derivatives to the expected complete data likelihood E log L ½ (plus adding Lagrange multipliers to the sum-to-one constraints) with respect to parameters H to zero, the expectation maximization method is derived for model training, named as MotifHyades(EM). Details can be found in the Supplementary data.
MotifHyades(Gibbs)
Although the previous model training algorithm is the exact form of expectation maximization, it is noted that the overall computational complexities are proportional to the total sequence lengths which can scale and summed up to millions. Therefore, a variant is derived with the partial help of Gibbs Sampling, named as MotifHyades(Gibbs), as elaborated in the Supplementary data.
Performance metrics
Two performance metrics are proposed to quantify the DNA motif pair discovery accuracy. The first performance metric is motif pair distance (MPD). On the simulated sequences with known DNA motif pairs m ¼ f m 
Kg can be matched to the ground truth DNA motif pairs m with the performance metric MPD:
where D(A, B) is the standard motif distance between motif A and motif B (Wong et al., 2013) . According to the empirical distribution of random DNA motif patterns (Wong et al., 2013) , a motif A is considered as a statistically significant (p < 0.005) match to another motif B if D A; B ð Þ < 0:5; therefore, another metric called motif pair found ratio (MPFR) is defined to quantify how many statistically significant motif pairs have been discovered correctly:
and I condition ½ is the Iverson bracket for the true-or-false condition. Semantically, given the ground truth DNA motif pairs m, MPD measures the quality of the discovered motif pairs M while MPFR measures the number of the correctly discovered motif pairs.
Results
Simulations with real DNA motif implantations
Following the practice of motif discovery (Tompa et al., 2005) , a series of simulation experiments with real DNA motif implantations are conducted for performance verification and comparison. In particular, the promoter and enhancer nucleotide background frequencies are estimated to generate T random sequences (Swindell et al., 2012) . The sequence lengths vary across the three simulation scenarios (i.e. simulation scenario I, II and III. For each simulation experiment, 2K real human DNA motifs are downloaded either from the CIS-BP database (v1.01) (Weirauch et al., 2014) or the JASPAR database (i.e. JASPAR_CORE_2016_vertebrates). The real motifs are randomly implanted into each simulated sequence pair as K random DNA motif pairs. Given those K known DNA motif pairs, we adopt the performance metrics MPD and MPFR to evaluate the de novo motif discovery performance of different algorithms under diverse parameter settings of K and T.
Parameter setting
As shown in Figure 1 , we have implemented the existing approach according to (Wong et al., 2016) . Specifically, the de novo motif discovery program (MEME (Bailey and Elkan, 1994) ) is run on the sequences of each side (promoter side and enhancer side). After that, the lift score threshold !1 (Brin et al., 1997 ) is calculated to combine the DNA motifs on both sides to ensure that only statistically significant DNA motif pairs can be reported (Leung et al., 2010) . To extensively compare the three methods: existing approach (Wong et al., 2016) , MotifHyades(EM) and MotifHyades(Gibbs), each method is repeated 10 times on each dataset with random initializations where the repeat number is limited by the existing approach which is known to be time-consuming as shown in Supplementary Figures S1, S4 and S7 (Wong et al., 2016) .
Simulation scenarios I, II and III
We have simulated three scenarios (namely, I, II and III) with real DNA motif implantations to compare the performance of MotifHyades(EM), MotifHyades(Gibbs) and the existing approach (Wong et al., 2016) . The details can be found in the Supplementary data. Based on the simulation results, it can be observed that MotifHyades(EM) and MotifHyades(Gibbs) are faster than the existing approach (Wong et al., 2016) in several magnitudes of order. Interestingly, MotifHyades(EM) is found faster than MotifHyades(Gibbs) on some datasets; it suggests that the exact expectation maximization steps can converge faster than the Gibbs sampling steps, although each exact step costs more than the Gibbs sampling step. In addition, the motif pairs discovered by MotifHyades(EM) and MotifHyades(Gibbs) always have higher quality (as measured by MPD) and higher discovery ability (as measured by MPFR) than the existing approach (Wong et al., 2016) .
Simulations with ENCODE ChIP-seq peaks
The previous simulations have demonstrated the performance of MotifHyades(EM) on synthetic data. In contrast, one may be interested in a more realistic scenario where the existing ChIP-seq peaks of known TFs could be paired for benchmarking. Therefore, we have retrieved the 40 ENCODE ChIP_seq peaks from the Supplementary Table S3 of the previous study (Kheradpour and Kellis, 2014) 
Discovering DNA motif pairs in human K562 cell line
Given the good performance of MotifHyades(EM) under different simulation scenarios with real human DNA motif pair implantations, MotifHyades(EM) is run on the recently released human promoter-enhancer-pair datasets (Whalen et al., 2016) in order to discover human DNA motif pairs in a de novo manner. On each promoter-enhancer-pair dataset in the K562 cell line (Whalen et al., 2016) , 10 runs of MotifHyades(EM) with random initializations are repeated. For each run, different combinations of motif widths (i.e. 10, 15 and 25) are attempted on both sides, resulting in 9 parameter settings. Similar strategy has also been adopted in a previous DNA motif discovery study (Kheradpour and Kellis, 2014) . To ensure that the DNA motif pairs to be discovered have good sequence coverage, the DNA motif pairs M i P ; M i E À Á which are found on less than 10 promoter-enhancer pairs are removed (i.e. p i < 10=T ð Þ). As a result, for each dataset, the number of DNA motif pairs (K) is set to the available number of promoter-enhancer pairs T divided by 10 to accommodate the worst scenario that each DNA motif pair only has the minimal coverage (i.e. 10 sequence pairs) in this study. If the total number of promoter-enhancer pairs is less than 20 in a dataset, the filtering condition is relaxed such that the DNA motif pairs M i P ; M i E À Á which occur on at least half of the promoter-enhancer pairs available in that dataset are retained (i.e. p i ! 0:5). The redundancy of the discovered DNA motif pairs are removed using the performance metrics MPFR previously discussed. Specifically, if a motif pair discovered M 0 P ; M 0 E À Á has both sides matched to any of the existing discovered motif pairs
Thousands of DNA motif pairs on promoter-enhancer pairs in human K562 cells have been discovered in the previous study (Wong et al., 2016) . It is observed that 44% of the DNA motifs of those pairs can be matched to the gold standard DNA motif database (i.e. JASPAR_CORE_2016_vertebrates) using TomTom (Gupta et al., 2007) . Such verification statistics is far from the ideal case. Therefore, MotifHyades(EM) models are built and examined for human K562 cells in this study. Interestingly, MotifHyades(EM) reveals another 2732 DNA motif pairs; 99% of the DNA motifs of those pairs can be matched to the gold standard DNA motif database (i.e. JASPAR_CORE_2016_vertebrates) using TomTom with the webpage default parameter setting (i.e. tomtom -no-ssc -text -verbosity 1 -min-overlap 5 -dist pearson -evalue -thres 10). Such verification percentage is substantially higher than the 44% of the previous study (Wong et al., 2016) . In addition, the DNase accessibility (i.e. wgEncodeUWDukeDnaseK562.fdr01peaks.hg19.bb) and evolutionary conservation (i.e. phyloP100way) are also overlapped with the newly discovered 2732 DNA motif pairs. The overlapping results are depicted in Supplementary Figures S21 and S22 . It can be observed that the DNA motifs discovered in this study have statistically higher DNase peak overlapping fractions and evolutionary conservation values than those discovered in the previous study (both Wilcoxon test and t-test P < 0.0001), demonstrating the quality of the novel DNA motif pairs discovered by MotifHyades(EM).
Discovering DNA motif pairs in six human cell lines
In addition to the K562 cell line, MotifHyades(EM) is also run on the human promoter-enhancer-pair dataset of each human chromosome in five other cell lines (i.e. GM12878, HeLa-S3, HUVEC, IMR90 and NHEK) to discover thousands of de novo DNA motif pairs (Whalen et al., 2016) . The promoter-enhancer-pair datasets are computationally predicted using TargetFinder (Whalen et al., 2016) . The count statistics of the discovered DNA motif pairs are visualized in Figure 2 . Examples are depicted in Figure 3 . All 18 879 DNA motif pairs discovered can be downloaded from the aforementioned web address.
Enrichment of known chromatin interacting DNA motifs
Each DNA motif of the 18 879 de novo DNA pairs discovered by MotifHyades is matched to the gold standard DNA motif database (i.e. JASPAR_CORE_2016_vertebrates) using TomTom. In particular, we are interested if the well-known DNA motifs of chromatininteracting proteins are enriched. Therefore, we have checked the existence of the CTCF protein (JASPAR ID: MA0139) which is known to play an important role in the regulation of chromatin architecture. Among the 37 758 de novo DNA motifs discovered, it is observed that 1334 of them can be matched to the DNA motif pattern of the CTCF protein (JASPAR ID: MA0139.1) using TomTom. If we assume that each DNA motif in JASPAR (i.e. JASPAR_CORE_2016_vertebrates) has equal chance to be matched to the 37 758 de novo DNA motifs using TomTom, we can ascertain its enrichment by the exact binomial test (P < 2:2 Â 10 À16 ). Similar 
Gene expression of the DNA-motif-binding proteins
After the matching, the matched DNA-motif-binding proteins are studied for its cell type specific expression by overlapping their protein IDs with the Human Protein Atlas for retrieving their gene expression measurements (i.e. rna_celline.csv) as visualized in Supplementary Figures S23 and S24 . Interestingly, cell-type-specific expressions could be observed where the expression differences between the matched DNA-motif-binding proteins and other human proteins can be ascertained using Wilcoxion tests (P < 0.001).
Genomic importance of the DNA motif pairs discovered
To decipher those pairs in the six human cell lines, their DNase accessibility (i.e. DNase peaks from the ENCODE as listed in Supplementary Table S4) and evolutionary conservation across 100 vertebrates (i.e. phyloP100way) are overlapped with those pairs. The overlapping results are depicted in Supplementary Figures S25  and S26 . Similar to K562, the DNA motif pairs are characterized by statistically enriched DNase accessibility and evolutionary conservation, comparing to the interacting promoter-enhancer sequence background using Wilcoxon tests (P < 0.0001). It confirms that the discovered DNA motif pairs are important in the human genomic context. Several DNA motif genomic features have been observed for K562 cells (Wong et al., 2016) . In this study, an attempt is made to observe whether those characteristics can be generalized to the six human cell lines of focus (i.e. K562, GM12878, HeLa-S3, HUVEC, IMR90, and NHEK).
Gene ontology enrichment
We would like to verify whether the two coupling DNA motifs in each discovered motif pair are functionally consistent with each other. Therefore, for each DNA motif, we retrieved the enriched Gene Ontology (GO) terms using GOMo (Buske et al., 2010) with default parameter settings. For each motif pair, we checked if the enriched GO terms of the two coupling DNA motifs overlap with each other. Following the previous K562 cell line study (Wong et al., Promoters' and 'Enriched on Enhancers' denote that, given a motif pair, at least one gene ontology term enrichment can be found for the DNA motif on the promoter side and the enhancer side respectively, using GOMo with default parameter settings. As limited by the previous study (Whalen et al., 2016) , only the DNA motif pairs on the same chromosomes are discovered and reported here Fig. 3 . Examples of DNA Motif Pairs discovered by MotifHyades in the Six Human Cell Lines. In each pair, the first line indicates the corresponding top 3 JASPAR DNA motifs matched using TomTom (Gupta et al., 2007) while the second line denotes the top 3 gene ontology (GO) terms enriched using GOMo (Buske et al., 2010) with default parameter settings (Buske et al., 2010) . All DNA motif pairs discovered by MotifHyades can be downloaded from the aforementioned web address 2016), we have calculated and plotted the GO term overlapping fraction for the six human cell lines of this study in Supplementary  Figure S27 . Interestingly, it can be observed that the pairing DNA motifs share statistically higher GO terms than the expected distribution (i.e. uniform GO term hit distribution), indicating that the pairing DNA motifs are functionally consistent with each other in terms of the enriched GO terms.
Normalized motif pairing multiplicity
Since the previous study adopted an association rule approach to combine individual DNA motifs to form motif pairs, the original motif pairing multiplicity cannot be adopted in this study. Therefore, we have defined a general pairing multiplicity measurement in this study. Mathematically, if a DNA motif m can be matched to Q motifs fx 1 ; x 2 ; . . . ; x Q g using TomTom, its normalized motif pairing multiplicity (NormMult(m)) can be defined as follows:
where Mult x q ð Þ is the motif pairing multiplicity (Wong et al., 2016) on T sequence pairs. Minimum is taken to ensure that we have calculated the most conservative motif pairing multiplicity estimation, balancing the existing DNA motif data bias.
Open chromatin accessibility
Open chromatin state is always considered as the prerequisite for genomic accessibility and functions. In the previous K562 study (Wong et al., 2016) , it can be observed that open chromatins (as reflected by the DNase peak overlapping accessibility as listed in Supplementary Table S4) are associated with multifunctionality (as reflected by the number of enriched GO terms using GOMo with default parameter settings). Therefore, we seek to study the generality of such a phenomenon from a single cell type to multiple cell types as shown in Supplementary Figures S29 and S30 . Interestingly, it can be observed that the association between open chromatins and motif multifunctionality is still observed in four other cell types: GM12878, HeLa-S3, HUVEC, and NHEK.
On the other hand, open chromatin has also been found to be associated with motif pairing singularity in K562 cells (Wong et al., 2016) . Its multiple cells' generality is visualized and examined in Figure 4a and b. Surprisingly, such a phenomenon can be fully extended to all the six human cell lines in this study if the DNA motifs are found on promoters while it cannot be seen for those on enhancers. It suggests that, if a DNA motif is discovered on promoters and highly coupled with other DNA motifs on chromatin interactions, such active engagement may block its spatial accessibility as reflected by the DNase-seq peak calling.
Relationships between genomic features
In addition, the motifs of the discovered DNA motif pairs are mapped and grouped according to the JASPAR database (i.e. the 519 DNA motifs in JASPAR_CORE_2016_vertebrates) using TomTom. For each known JASPAR motif group, we take the averages of the aforementioned measurements such as DNase peak overlapping fraction and evolutionary conservation. Interestingly, we observe different pair-wise correlations between those measurements as depicted in Figure 5 . For the motif pairing distances (i.e. the mean genomic distances of the motif pairs), we can observe that the pairing distance is statistically correlated to evolutionary conservation (phyloP using 100 vertebrates), multifunctionality (number of enriched GO terms using GOMo with default parameter settings) and functional consistency (GO term overlapping fraction using GOMo with default parameter settings). Open chromatin state (DNase peak overlap fraction as listed in Supplementary Table S4) is highly correlated to evolutionary conservation (phyloP using 100 vertebrates), consistent with the general belief that chromatinaccessible elements are under strong evolutionary selection pressures. Interestingly, it can also be observed that those selection pressures are inversely proportional to the number of enriched GO terms using GOMo with default parameter settings.
Motif pairing multiplicity consistency
Lastly, we have also studied and found that the normalized motif pairing multiplicity metric is consistent across 6 human cell types as shown in Figure 6 . Very strong correlations are observed (r > 0.8, P < 0.001), indicating that the motif pairing multiplicities are consistent and transferable across the 6 cell types. A heatmap is also drawn and provided in the supplement. In other words, if a DNA motif is found to be associated with multiple DNA motifs on chromatin interactions in one cell type, it is very likely that the it will also be associated with multiple DNA motifs in another cell type of this study.
Discussion
DNA motifs such as transcription factor binding sites are the essential components in gene transcription. Although the onedimensional genome-wide identification of DNA motifs is well Fig. 4 . Box plots on the DNase hypersensitivity peak fraction of the DNA motifs found on promoters and enhancers with motif pairing multiplicity. The solid blue lines are drawn using linear smooth function with 99% confidence intervals in R language (i.e. geom_smooth(method ¼ 'lm', level ¼ 0.99)). The sub-figures are sorted by cell type (Color version of this figure is available at Bioinformatics online.) studied, the three-dimensional chromatin-interacting organization between those DNA motifs is still far from our understanding.
Therefore, we have developed MotifHaydes modeling for de novo motif pair discovery on paired sequences of promoters and enhancers on long-range chromatin interactions. Two model training algorithms have been developed for efficient model building with linear computational complexity. In particular, we have limited ourselves to the promoter-enhancer regions since those regions are known to be enriched for functional DNA motif occurrences.
We have tested MotifHyades on a range of simulated datasets with real human DNA motif implantations under different parameter settings. It can be observed that MotifHyades outperforms the existing computational pipeline in both running speed and accuracy. MotifHyades has also been adopted to discover thousands of DNA motif pairs with higher DNase accessibility, higher evolutionary conservation, and higher gold standard motif matching ratio than the past pairs discovered in the human K562 cells. In addition, MotifHyades has been run on the recently available promoter-enhancer regions in five other human cell types, revealing 18 879 DNA motif pairs which are characterized in extensive genomic contexts: pairing distance, DNase accessibility, evolutionary conservation, gene ontology (GO), and motif pairing multiplicity. As depicted in Figure 5 , the results indicate that, if two discovered motifs under pairing are far from each other, they are under strong evolutionary selection pressures and could result in functional specificities as reflected by the GO terms. The results also indicate that evolutionary selection pressures may lead to functional specificities of the DNA motifs on chromatin interactions; such a hypothesis is supported further by the GO term overlapping fraction which is positively correlated to evolutionary conservation.
In summary, this study is composed of both new method development and new data releases. The new method (MotifHyades) is the first probabilistic model for de novo DNA motif pair discovery on paired sequences. In particular, the de novo nature can enable MotifHyades to discover novel motif pairs on the rapidly growing chromatin interaction and genome segmentation datasets. The new data (18 879 DNA Motif Pairs discovered in 6 Human Cell Types) and its genomic characterization can shed light on the complex long-range gene transcription process. It can be cross-validated with other sequencing studies, enabling thousands of further focused studies in the future. . Pair-wise Correlations between the averaged measurements after motif mapping and grouping according to the JASPAR database (i JASPAR_CORE_2016_vertebrates) using TomTom (Gupta et al., 2007) . Each dot represents one known motif grouped in JASPAR (i.e. JASPAR_CORE_2016_vertebrates) using TomTom. The figure is drawn using R where the red curves are local polynomial regression fittings with a ¼ 2=3 and the test statistic is based on Pearson's product moment correlation coefficient cor(x, y) and follows a t distribution with length(x)-2 degrees of freedom under the assumption that the samples follow independent normal distributions JASPAR_CORE_2016_vertebrates) using TomTom (Gupta et al., 2007) . The figure is drawn using R where the red curves are local polynomial regression fittings with a ¼ 2=3 and the test statistic is based on Pearson's product moment correlation coefficient cor(x, y) and follows a t distribution with length(x)-2 degrees of freedom under the assumption that the samples follow independent normal distributions
